The aim of the paper was to investigate the sorption properties of granulometric fractions separated from the genetic horizons of arable Haplic Cambisol developed from boulder loams of the Middle-Polish (Riss) Glaciation, Wartanian Stadial (central Poland). Separation of granulometric fractions was made with application of the Atterberg method without the use of centrifuging and dispersing agents. The cation exchange capacity average value in cmol(+)kg -1 and % contribution in particular fractions reached: 1-0.1 mm -2.1 (1.6%), 0.1-0.05 mm -5.5 (4.0%), 0.05-0.02 mm -8.5 (6.1%), 0.02-0.01 mm -13.0 (10.1%), 0.01-0.005 mm -16.1 (12.8%), 0.005-0.002 mm -28.6 (20.5%) and fraction <0.002 mm -48.7 (44.9%). Leaching of the total exchangeable bases was the largest in the 0.1-0.05 mm fraction and decreased successively with decreasing grain diameter. Sorption properties of the tested soil determine its high agricultural value and buffer properties. The cation exchange capacity of the recognised granulometric fractions successively increased with decrease of their diameter while leaching process intensity in individual fractions decreased gradually as their dimensions decreased. Calcium was the most leached cation, followed by magnesium and sodium, whereas potassium was not leached at all. Significant increase of the cation exchange capacity in fractions from carbonate horizons was mostly caused by the increased contribution of calcium, which could be released from carbonates during extraction of bases.
INTRODUCTION
Studies of the properties of granulometric fractions are very important, because they allow for a thorough recognition of the influence of the granulometric composition of soils on their physical (Brogowski and Kwasowski 2015; Francaviglia et al. 2016, Koz³owski and Komisarek 2017b; Malik et al. 2014 , Rafraf et al. 2016 , chemical (Czaban et al. 2014 , Rastegari et al. 2016 , Skic et al. 2016 , and biological properties (Stemmer et al. 1998) , and their effect on pedogenic processes (Koz³owski and Komisarek 2017a; Musztyfaga and Kaba³a 2015) . Of particular importance are further investigations on the sorption properties of granulometric fractions with regard to the recognition of processes of sorption and desorption of macro-and microelements indispensable for plants, and of harmful heavy metals (D¹bkowska-Naskrêt et al. 2016 , Roth et al. 2012 ) and other hazardous compounds (Korobova et al. 2014 ). The results of these studies may be used in effective environmental protection by restricting the mobility of harmful elements and substances in the environment and in consequence preventing their entering in the food chain. So far, the investigations were focused on the sorption properties of granulometric fractions (Asadu et al. 1997 , Oko³owicz 1996 , their mineral composition (Morrás 1995 , Soares et al. 2005 ) and processes of weathering on the surfaces (ultrastructure) of mineral grains they are composed of (Brogowski and Kocoñ 1984; Morrás 1995) . Polish and international soil science literature reveals an abundance of results obtained during studies of the sorption properties determined in the bulk soil mass as the basic analytical procedure (Chojnicki 2002 , Kalembasa et al. 2011 , whereas there are relatively very few reports on the sorption capacity of particular granulometric fractions (Asadu et al. 1997 , Oko³owicz 1996 . One of the reasons of such discrepancy is the fact that distinguishing particular granulometric fractions from the soil solid phase, particularly without the use of centrifuging and peptizers, is a time and labour consuming procedure.
This study was focused on testing the sorption properties of particular granulometric fractions, selected from the genetic horizons of Haplic Cambisol, an arable soil developed from boulder loams, representing fertile soils used in agriculture and making up about 30% of the arable soils in Poland. More detailed recognition of the sorption properties of these soils may be used for their more reasonable agricultural usage (such as mineral fertilization) and ZYGMUNT BROGOWSKI, JÓZEF CHOJNICKI* 148 ZYGMUNT BROGOWSKI, JÓZEF CHOJNICKI increase of the possibility of accumulation and immobilization of hazardous elements, chemical compounds and active pesticide substances (Martins et al. 2018 , Singh et al. 2014 ).
MATERIALS AND METHODS
According to the FAO-WRB classification (IUSS Working Group WRB 2015), the studied soil was determined as Haplic Cambisol (Dystric) developed from boulder loams of the Middle-Polish (Riss) Glaciation, Wartanian Stadial. It is located in G¹bin near .
Fieldwork comprising measuring and description of the soil profile, and sample collection from particular genetic horizons was made in accordance with the methodology of Jahn et al. (2006) . Separation of granulometric fractions was made with application of the Atterberg method (USDA SCS 1992) without using chemical compounds for peptization. Peptization was carried out using thermal-mechanical methods by boiling the soil with redistilled water (0.5 h) and then mixing with a rotary mixer for about 10 min. Boiling and mixing was performed till the entire <0.002 mm fraction was separated. Similarly, however without boiling, the >0.002 mm fraction was separated, whereas the 1 to 0.1 mm fractions were sieve-separated after drying. The separated fractions were dried on evaporating dishes in a water bath and then dried completely in a dryer at 80-90°C. After drying and weighing, the percentage content of the particular fractions in the studied soil was calculated.
The following properties were determined in the soil: total organic carbon (TOC) using the Tiurin method, pH in distilled water and 1 M KCl, using the potentiometer method at a soil:liquid ratio of 1:2.5 (v/v), and the calcium carbonate equivalent using the volumetric method using a Scheibler apparatus (van Reeuwijk, 1992) . The following properties were determined in the fractions and in the soil: total potential acidity (H + ) using the Kappen method (extraction using 1 mol⋅dm -3 calcium acetate and titration using 0.1 mol⋅dm -3 NaOH), total exchangeable base cations (Ca 2+ , Mg 2+ , K + , Na + ) using 1 M ammonium acetate at pH = 7 (in samples with carbonates using 1 M ammonium chloride at pH = 8.2) and analysed by an atomic absorption spectrometer (Thermoelemental SOLAAR M6). The cation exchange capacity (CEC) and base saturation (BS) were calculated based on the sum of total exchangeable base cations (TEB) and potential acidity (H + ). For statistical evaluation of results analysis of regression was applied.
RESULTS
To the depth of 50 cm the studied soil is sandy loam passing into clay loam deeper in the soil profile (Table 1) . The surface horizons are dominated by the fine sand fraction (0.25-0.1 mm), whereas the deeper horizons are dominated by the clay fraction (<0.002 mm). Acidic reaction in the surface horizons changes into neutral in the deepest parts of the soil profile, similarly as the saturation of the sorption complex by alkaline cations (BS) which increases with depth ( Table 2 ). The highest total organic carbon (TOC) content occurs in the humus horizon and gradually decreases inwards. The cation exchange capacity is the lowest in the surface horizons, whereas it shows the highest values in the deepest part of the profile containing carbonates and is related to the granulometric composition of the soil.
Cation exchange capacity depends on the soil granulometric composition, precisely on the contribution of particular fractions and their mineral composition, the content of humus compounds, and iron and aluminium oxides.
The content of exchangeable calcium increases with diminishing size of the soil particles from sand to clay. It is generally sorbed by the clay fraction <0.002 mm, which averagely binds 55.1% of this element ( Fig. 1 ) in the range of 27.4 to 78.4% (Table 3) . The particular fractions bind calcium averagely at: 1 to 0.1 mm -1.4%, 0.1 to 0.02 mm -9.0% and 0.02 to 0.002 mm -34.4%. In the soil profile the relatively large content of exchangeable calcium in all fractions of the humus horizon is most probably the effect of bioaccumulation. The lowest content of exchangeable forms of this element was noted in all fractions of the cambic horizon (Bw), whereas in fractions of deeper horizons there is a gradual increase of this cation with its maximal accumulation in carbonate horizons lying below the depth of 100 cm.
The content of exchangeable magnesium gradually increases with decreasing the diameter of granulometric fractions and is much lower than that of calcium (Table 3) . Three sand fractions (1-0.1 mm) averagely bind only 0.5% of exchangeable magnesium, whereas the remaining fractions bind exchangeable magnesium at: 0.1-0.02 mm -5.2%, 0.02-0.002 mm -40.7% and the clay fraction -53.7% (Fig. 1 ). All fractions showed the lowest content of exchangeable magnesium in the cambic horizon, with the exception of fraction <0.002 mm in diameter, and its content in particular fractions increased with larger depth of the soil profile.
Exchangeable potassium occurs in low amounts in fractions >0.05 mm, whereas gradual increase of Fig. 1 ). The percentage contribution of all granulometric fractions in the binding of this cation is averagely at: 1.0-0.05 mm -3.4%, 0.05-0.002 mm -28.4% and colloidal clay -68.3%. In the entire profile, all fractions from the humus horizon contain the largest amount of exchangeable potassium and its content decreases with depth, which points to lack of inward migration of this element. At the depth of 100-125 cm, all granulometric fractions, with the exception of the clay fraction, are enriched in exchangeable sodium (Table 3 , Fig. 1) . At the same time, depletion in sodium is observed in the fractions from the cambic horizon, which points to leaching of this element, similarly as of calcium and magnesium.
The content of exchangeable hydrogen increases in the studied fractions with decreasing fraction size, but much less variably than in the case of the alkaline cations ( Fig. 1, Table 3 ). The average contribution of fraction in its sorption is at: 1-0.02 mm -9.5%, 0.02-0.002 mm -59.8% and for fraction <0.002 mm -30.6 %. Notable is the much lower domination of the clay fraction in the binding of this cation in comparison to the alkaline cations. The highest contents of exchangeable hydrogen occur in all fractions of the surface humus horizon and decrease with depth. Gradual decrease of the content of exchangeable hydrogen in the entire profile, with small exceptions, was observed only for the 0.02-0.01 and 0.01-0.005 mm fractions, whereas in the remaining fractions its content decreases to the depth of 75 cm gradually, to decrease rapidly below this depth.
The value of total exchangeable bases (TEB) increases successively with decreasing diameter of the granulometric fractions (Table 4 ). The average content of particular fractions in the sorption of alkaline cations is at: 1-0.05 mm -4.5%, 0.05-0.002 mm -40.5% and <0.002 mm -55.2%. All fractions in the sub-surface cambic horizon showed the poorest possibilities of binding these cations, whereas their largest amounts occur in the deepest part of the profile, containing carbonates. Significant enrichment in exchangeable bases of the fractions from the surface horizon is caused by the presence of humus, and mineral and organic soil fertilization. Leaching has large influence on such distribution of the sorption properties of exchangeable bases by particular fractions. Enhancement of the leaching process significantly decreases with decreasing diameter of the granulometric fractions, with the exception of the 1-0.1 mm sand fraction (Fig. 2) . There is a clear correlation between the decreasing dimension of the <0.1 mm fractions and the decreasing process of migration (leaching) of exchangeable bases from them (Fig. 3) .
Cation exchange capacity increases with decrease of dimensions of the granulometric fractions (Table 5 , Fig. 4 and 5). The average contribution of the granulometric fractions in the sorption capacity is at: 1-0.02 mm -11.7% (0.9 to 11.1%), 0.02-0.01 mm -10.2% (7.7 to 14.8%), 0.01-0.005 mm -12.8% (9.9 to 16.7%), 0.005-0.002 mm -20.5% (19.1% to 24.1%) and fraction <0.002 mm -44.8%, varying from 28.8 to 54.4% in the soil profile. The largest capacity is observed for all fractions from the deepest part of the profile where carbonates are present (<100 cm); it is much lower in the humus horizon, and the lowest in fractions from the middle part of the profile (between 25 and 100 cm). Such diversified sorption capacity results from mineral composition, content of humus compounds, iron and aluminium oxides, and the presence and solubility of carbonates.
Calcium and hydrogen have the largest contribution in the exchangeable sorption capacity of all fractions (Fig. 6 , Table 6 ). In contrast to the remaining fractions, the clay fraction is characterised by the largest contribution of calcium and clearly the lowest contribution of hydrogen in the sorption complex. With decrease of fraction dimensions, the average contents of magnesium and potassium + sodium increase, with the exception of the 1-0.02 mm fraction. With depth, in all granulometric fractions from subsequent horizons and layers, the content of calcium increased whereas the content of hydrogen decreased (Table 6 ). The average content of particular cations in the fractions is arran-ged as follows to the depth of 75 cm: H + > Ca 2+ > Mg 2+ > K + + Na + , and in the deeper part of the profile: Ca 2+ > H + > Mg 2+ > Na + + K + . Such distribution of exchangeable cations is caused by the influence of leaching in the studied soil, whose intensity, with some exceptions, decreases with decrease of fraction diameter. 
